The compressive response of thin-skin stiffened composite panels with low velocity impact damage is examined. The finite element method together with the Soutis-Fleck fracture mechanics model is used to predict damage initiation in the form of fibre microbuckling in the 0° plies, propagation and final failure; in the model the impact damage is replaced with an equivalent circular or elliptical open hole. Theoretical results are compared to experimental data and found in good agreement.
INTRODUCTION
The mechanism of in-plane failure of carbon fibre-epoxy multidirectional laminates with a stress concentrator subjected to uniaxial compression is well established [1] [2] [3] [4] . Local microbuckling in the 0 0 plies surrounded by delamination grows laterally from the hole edge as the applied load is increased. The damage zone continues to grow, first in short discrete increments and then rapidly at failure load. Fibre buckling leads to local delamination when the local strain necessary to accommodate the localised fibre displacement and rotation exceeds the resin ductility. These local delaminations do not propagate to become macroscopic delaminations until final compressive failure occurs. Similar damage pattern was observed in plates with impact damage under uniaxial compression [5] . Ultrasonic C-scan images and X-ray shadow radiographs revealed that the shape of the impact damage is approximately circular or elliptical (equivalent to an open hole). A fracture mechanics model was developed by Soutis et al. [2, 3] to predict the critical buckling length and ultimate load. Using the independently measured laminate parameters of uniaxial compressive strength and mode I fracture toughness, the model successfully predicted the residual strength of various carbon fibre systems and lay-ups; in most cases the error was less than 10%.
In the present work this model is used to estimate the compressive failure load of stiffened panels with impact damage located in the centre of bay, Fig.1 .
COMPRESSIVE FAILURE ANALYSIS
The Soutis-Fleck fracture model [2] is based on the following two criteria: i) Stable crack growth: It is postulated that microbuckling occurs over a distance l from the hole when the average stress over this distance reaches the critical stress of the unnotched laminate, XQ s :
where, for a stiffened panel with a hole of radius R, Fig.1 Experimental evidence [4] shows that in unnotched multidirectional laminates loaded in compression failure is always by 0° fibre microbuckling and the failure strain is almost independent of lay-up and comparable to the failure strain of unidirectional plates. Therefore, by using the laminate plate theory, the unnotched strength, XQ s , in eqn (2a) could be replaced by the unidirectional strength,
where g is a function of the hole radius R, the crack length l, the laminate and 0° lamina stiffness properties (represented by the variable E).
ii) Unstable crack growth: The microbuckled zone at the edge of the hole is assumed to behave as a crack of the same length, with no tractions on the crack surfaces. Then the stress intensity factor (SIF) at the tip of the crack is expressed as:
where Y is a function of geometry and orthotropy, which can be obtained numerically. The model assumes that unstable crack growth occurs when the stress intensity factor at the crack tip is equal to the laminate in-plane fracture toughness K IC and, therefore,:
An example of the calculation for both stable and unstable microbuckle growth is presented in Fig.  2 . Using equations (2) and (4) [[ s is plotted as a function of damage length l. The failure strength of the stiffened panel with a hole and the critical microbuckling length are obtained from the point where the two curves intersect (Fig. 2) . 
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CALCULATION OF STRESS INTEN-SITY FACTORS
The finite element method (FEM) has become firmly established as a standard procedure for deriving stress distributions or values of stress intensity factors (SIFs) in notched composite laminates or structures. In order to determine the SIF given by eqn (3) the procedure lies in the --integral evaluation over a predetermined area that includes the crack. In the present work, the FE77 package [6] was used and the change of strain energy 8 d of the entire stiffened plate with differential crack advance O d was calculated. The --integral is the negative first derivative of strain energy with respect to crack extension. For an elastic body, -is identical to the elastic strain energy release rate * :
A rather refined mesh was used to provide reliable results. Orthotropic quadrilateral eight node elements were chosen for the mesh, Fig.3 . In general, a coarser mesh can be considered because of the integral nature of energy. For an orthotropic laminate the energy release rate G is related to the stress intensity factor , . by ,
F. * =
, where for plane stress loading, c is the laminate compliance obtained from the following expression:
where
, E and m are the laminate extensional and shear moduli respectively, and n is the Poisson's ratio. isotropic [45°/-45°/0°/90°] 3S plate with a circular hole and cracks growing symmetrically from the hole edges were compared to those obtained from the analytical solution for an isotropic material. The closed-form solution for the configuration mentioned is provided by Soutis et al [3] . 
. , presence of stiffeners does not affect this result until the crack grows beneath the stiffener. However, this case is not considered in this study.
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The same procedure was implemented for the SIF at the tip of a crack in a stiffened panel fabricated from T800/924 carbon fibre-epoxy system with lay-up [45°/-45°/0°/90°]
3S
containing an elliptical cut-out, Fig.5 . In the analysis, in order to reduce the calculation effort, only a segment of the panel is examined. It contains the hole and two adjacent stiffeners (w=240 mm). The FE mesh in the vicinity of the elliptic hole is shown in Fig.5a . Results of the SIF calculations for panel type 1 are plotted in Fig.5b . Three configurations were investigated for the geometry shown in Fig.1 . Geometric parameters of the plate and stiffeners as well as half-axes D and E of the elliptical holes are listed in Table I . Similar SIF data to that shown in Fig.5b were obtained for the other two panels.
STRENGTH RESULTS
Following the procedure described in section 3, the stress intensity factors were calculated and the ratio
given by equations (2) and (4) is plotted versus crack length l, Fig.2 where t is the thickness of the skin, A is the crosssection area of the stringer, N is the number of stringers, VWU ( is the effective longitudinal Young's modulus for the stiffener. The I-section stiffener is made from four uncured laminates, consisting of a base, two C-sections placed backto-back and a spar cap. The base and the C-sections have the same lay-up [+45°/-45°/0°] 2S whilst that of the spar cap is [-45°/+45°/0°] 2S (see Fig.1 ); the material used is T800/924 carbon fibre-epoxy system. Predictions of the critical load and deviations from experimental data taken from the work by Greenhalgh et al [9] are shown in Table II . The panels examined in [9] had experienced low velocity impact damage (energy 15 J), located in the centre of bay, which in this study is modelled as an equivalent open hole; approximate damage dimensions are presented in Table I .
Alternatively, VNLQ FU s can be determined based on [7] and [8] .
The theoretical results are very close to measurements for panel 1 and 3 (difference <4%). The model underestimates the failure load for panel type 2 by ~26%, suggesting that the effect of impact damage is not as severe as that of an open hole; a region with reduced stiffness properties (a soft inclusion) could give a better correlation with the data than using an open hole in the model.
ACKNOWLEDGEMENTS
The financial support of the Royal Society/NATO and the Defence Evaluation and Research Agency (DERA-Farnborough, UK) is gratefully acknowledged. The authors are most grateful for technical discussions and advice from Dr E Greenhalgh and Prof. P T Curtis of DERA.
